1 Engulfment of extracellular material by phagocytosis or macropinocytosis 2 depends on the ability of cells to generate specialised cup shaped protrusions. 3
The presence of active Rac1 throughout the cup interior is at odds with the 31 tightly restricted SCAR/WAVE activity and protrusion at the extending rim 32 (Veltman et al., 2016) . A further layer of regulation must therefore exist. This is 33 5 likely provided by the small GTPase CDC42 which is also required for Fc-g-1 receptor mediated phagocytosis and collaborates with Rac1 during engulfment 2 of large particles (Caron and Hall, 1998; Cox et al., 1997; Massol et al., 1998; 3 Schlam et al., 2015) . In contrast to Rac1, active CDC42 is restricted to the 4 protrusive cup rim in macrophages indicating differential regulation and 5 functionality (Hoppe and Swanson, 2004) . In Dictyostelium however, no clear 6 CDC42 orthologue has been identified. 7 8 Cup formation requires integrated spatio-temporal control over multiple 9
GTPases. This must be able to self-organise in the absence of external cues 10 during macropinocytosis, and robust enough to phagocytose physiological 11 targets of varying size and shape. Small GTPase activity is controlled by a large 12 family of proteins such as GTPase Exchange Factors (GEFs) which promote the 13 GTP-bound active form, and GTPase Activating Proteins (GAPs) which stimulate 14 hydrolysis and transition to a GDP-bound inactive state. In this study, we 15 characterise a previously unstudied dual GEF and GAP protein in Dictyostelium 16 that integrates Ras, Rac and lipid signaling. This provides a mechanism to 17 coordinate the cup interior with the protrusive rim, allowing efficient 18 macropinosome formation and the engulfment of diverse bacteria of differing 19 geometry. 20
Results

21
Identification of a novel BAR-domain containing protein recruited to cups 22 23
Our initial hypothesis was that cells may use the different membrane curvature 24 at the protrusive rim compared to the cup base to recognise and differentially 25 regulate cup shape. Membrane curvature can recruit specific proteins containing 26 BAR (Bin-Amphiphysin-Rvs) domains (Peter et al., 2004) . These are often found 27 in multidomain proteins, including several involved in GTPase regulation and 28 trafficking (Aspenstrom, 2014) . To identify candidate proteins involved in 29 macropinocytosis, we therefore searched the Dictyostelium genome for BAR 30 domain-containing proteins. Excluding proteins of known localisation or 31 function, we systematically cloned each candidate and expressed them as both N-32 6 and C-terminal GFP-fusions in axenic Ax2 cells. Using this strategy we 1 successfully cloned 9 previously uncharacterised BAR-containing proteins and 2 observed their localisation in live cells by fluorescence microscopy. Of these, 6 3 were expressed at detectable levels ( Figure 1A ). 4 5 DDB_G0284997, DDB_G0305372 and DDB_G0285851 were associated with small 6 puncta at the plasma membrane, consistent with the well-characterised role of 7 BAR domain proteins in clathrin mediated endocytosis (Dawson et al., 2006) . 8 DDB_G0276447 localised to intracellular vesicles too small to be 9 macropinosomes, and GFP-DDB_G0272368 was exclusively observed in the 10 nucleus. Only one of the proteins tested (DDB_G0269934) localised to what 11 appeared to be the protrusive regions of macropinocytic cups. 12
13
DDB_G0269934 is a 223 kDa multidomain protein and also contains Regulator of 14 Chromatin Condensation (RCC1), RhoGEF and RasGAP domains ( Figure 1B) . 15 DDB_G0269934 has not previously been described and due to its domain 16 organisation we will subsequently refer to it as RGBARG (RCC1, GEF, BAR and 17 GAP domain containing protein). How Ras and Rac activity are coordinated in 18 space and time to generate a 3-dimensional cup shaped protrusion is not known. 19
Combining BAR, GEF and GAP activities in a single protein potentially provides 20 an elegant mechanism to organise engulfment. Therefore the function and 21 regulation of RGBARG was investigated in detail. 22
23
Examining RGBARG-GFP dynamics by timelapse fluorescence microscopy 24 confirmed strong enrichment at the protrusive rim of both macropinocytic and 25 phagocytic cups that disappeared rapidly after engulfment ( Figure 1C and D, 26
Videos 1 and 2). Co-expression with the PIP3 reporter PHCRAC -RFP that demarks 27 the cup interior confirmed RGBARG-GFP localised specifically to the periphery of 28 this signaling domain ( Figure 1E -H, and Video 3). Importantly, this differs from 29 the RasGAP NF1, which localises throughout the cup interior (Bloomfield et al., 30 2015) . RGBARG may therefore play a specific role in organising cup dynamics 31 and engulfment. 32 33 7
RGBAR regulates cup signaling and macropinosome formation 1 2
To test for a functional role in engulfment a 3.6 Kb central section of RGBARG 3 gene (containing the RCC1 RhoGEF and BAR domains) was deleted and replaced 4 with a blasticidin selection cassette by homologous recombination (Figure 2 5 supplement 1). Independent clones were isolated (JSK02 and 03) and shared 6 comparable phenotypes. In the following experiments strain JSK02 was used 7 unless otherwise stated with effects of RGBARG mutation validated by rescue 8 experiments. 9
10
To check for defects in macropinosome formation, cells were incubated with 11 FITC-dextran, a pH sensitive dye that is quenched at low pH. As macropinosomes 12 acidify in under two minutes in Dictyostelium, and images were acquired within 13 the 30 minutes required to transit to neutral post-lysosomes, intracellular FITC-14 dextran is only visible in nascent macropinosomes (Figure 2A ). From confocal Z-15 stacks of live cells, we found that RGBARGcells formed significantly smaller 16 macropinosomes than parental controls, measuring 0.5±0.1 μm 3 compared to 17 1.5±0.2 μm 3 in Ax2 ( Figure 2B ). This phenotype could be completely rescued by 18 re-expression of RGBARG-GFP. RGBARGcells also produced more 19 macropinosomes (2.6±0.2 per cell compared to 2.2 ±0.1 for Ax2) leading to no 20 net change in either total fluid uptake or axenic growth ( Figure 2C -E). RGBARG is 21 therefore functionally important for the dynamics of macropinocytosis but not 22 essential for engulfment. 23
24
To understand why RGBARGcells form smaller macropinosomes we followed 25 their formation by fluorescence microscopy. Using the PHCRAC-GFP reporter we 26 found in RGBARGcells had larger and more numerous patches of PIP3 than 27 controls, averaging 3.8±1.1 patches per confocal section with an average length 28 During these experiments we also noted that RGBARGcells a 32 mild cytokinesis defect with 10 ± % containing >2 nuclei, compared to 5% of 33 8 controls. This is consistent with the cytokinesis defects described in PTEN 1 mutants which also have excessive PIP3 accumulation (Janetopoulos et al., 2005) 2 and all multinucleate cells were excluded from analysis. 3
4
To understand how the enlarged Ras and PIP3 patches in RGBARGcells give rise 5 to smaller macropinosomes we studied their formation over time in 3D. As 6 recently described, the macropinocytic cups of Ax2 cells form by expanding 7 around a defined spontaneous patch of PIP3 (Veltman et al., 2016). These cups 8 subsequently close, usually forming one, or sometimes two, large 9 macropinosomes accompanied by termination of PIP3 signaling on both the new 10 vesicle and the cell surface ( Figure 3D and Video 4). This process is relatively 11 consistent, with each PIP3 patch lasting an average of 150 seconds ( Figure 3 12 Supplement 1B). In RGBARGcells however, whilst PHCRAC-GFP still disappeared 13 from internalised vesicles, the plasma membrane domains were much more 14 stable. Whilst PIP3 patches frequently split, they rarely dissipated completely 15 and often lasted longer than each of the 30 minute movies recorded ( Figure 3E  16 and Video 5). It was therefore not possible to meaningfully measure the lifetime 17 of surface PIP3 (and by extension Ras) signaling in RGBARGcells. As RGBARG is 18 restricted to the periphery of Ras signaling domains it appears to restrict both 19 lateral expansion of activated Ras and termination of Ras/PIP3 signaling upon 20 cup completion. 21
22
Although extinction of PIP3 signaling did not accompany cup closure in RGBARG -23 cells, numerous small vesicles could be observed continuously budding from the 24 base of the ruffles when folds of membrane collapsed in on themselves. This 25 explains why these cells form more frequent but smaller macropinosomes 26 ( Figure 2 ). We speculate that this indicates that the entirety of the PIP3 patch is 27 potentially fusogenic and can internalise vesicles by simply folding onto itself 28 rather than requiring a specific mechanism to orchestrate closure and fission at 29 the rim. How this might be achieved mechanistically is unclear, but is Localisation of RGBARG at the interface between the cup interior and the 5 protrusive rim is likely to be critical to effectively control the shape and 6 dynamics of these domains during engulfment. This will position its RhoGEF 7 activity where protrusion is promoted and its RasGAP activity where it can 8 restrain expansion of the interior, leading to the organised cup formation 9 observed in Ax2 cells and absent in RGBARGmutants. 10
11
To dissect the mechanisms of RGBARG recruitment we tested the effect of 12 deleting each protein domain in turn. To quantify RGBARG enrichment across 13 the cup, linescans from cup tip to tip were normalised to non-protruding regions 14 of the same cell and averaged across multiple cells ( Figure 4A Removal of the RCC1 domain had no effect on localisation and was able to fully 22 rescue the ability of RGBARGcells to form large macropinosomes ( Figure 4E -H). 23
In contrast, deletion of either the RhoGEF or BAR domains caused RGBARG to 24 become uniformly cytosolic and did not rescue ( Figure 4E -H). In the absence of 25 the RasGAP domain however, RGBARG was still recruited to the plasma 26 membrane but was much more broadly distributed throughout the cup and 27 significantly less enriched at the protruding rim ( Figure 4G ). RGBARGΔGAP-GFP 28 was also unable to rescue macropinosome formation ( Figure 4H To confirm the role of the RasGAP interactions in restricting RGBARG 2 localisation, we also made a point mutant in the conserved arginine responsible 3 for stabilising the transition from Ras-GTP to Ras-GDP (Bos et al., 2007) . This 4 mutation (R1792K) is predicted to disrupt GAP activity but still allow Ras 5 binding and completely rescued RGBARG exclusion from the cup interior, and 6 slightly but significantly increased enrichment at the cup tip ( Figure 4F -G and 7 supplement 2B). However, despite localising to the protruding rim, 8 RGBARGR1792K-GFP did not rescue the cup organisation of RGBARGcells, which 9 still produced enlarged PIP3 patches and small macropinosomes ( Figure 4H and 10 Supplement 2). RGBARG is therefore an active RasGAP and this domain also 11 provides spatial information to position RGBARG to the periphery of the active 12 Ras/PIP3 patch where it can prevent its expansion and shape the forming cup. 13
14
The data above show that RGBARG integrates spatial cues from its RhoGEF, BAR 15 and RasGAP domains for correct positioning and cup organisation. To identify 16 the relevant binding partners and contribution of each domain, we also 17 expressed them individually fused to GFP. Whilst RhoGEF-GFP expressed too 18 poorly to observe its localisation, both the RCC1 and GAP domains were 19 completely cytosolic ( Figure 5A and C). In contrast, the BAR domain alone was 20 sufficient for strong recruitment throughout the plasma membrane ( Figure 5B ). 21
This was blocked by including either of the adjacent RhoGEF or RasGAP domains 22 ( Figure 5D and E), suggesting that BAR-domain binding may also be regulated by 23 intramolecular interactions. In contradiction of our initial hypothesis however, 24 BAR-GFP was not enriched at areas of curvature or protrusion. The BAR domain 25 therefore appears to drive general recruitment to the plasma membrane rather 26 than recognising curvature at cups. 27
28
As the BAR domain of RGBARG does not concentrate at specific membrane 29 shapes, we investigated its lipid binding specificity by lipid-protein overlay. 30
Incubation of lysates from cells expressing BAR-GFP with PIP strips indicated 31 binding to all PIPs with two or more phosphates ( Figure 5F ). This was confirmed 32 by PIP array, indicating a slight selectivity for PI(3,4)P2 ( Figure 5 Supplement 33 11 1A). Given this broad ability to bind all highly phosphorylated phosphoinositides 1 it is likely that this BAR domain generally recognises their high negative charge 2 rather than specific phosphate configurations. This supports a mechanism 3 whereby highly-phosphorylated PIPs recruit RGBARG to the plasma membrane 4 via its BAR domain where additional interactions with the RhoGEF and RasGAP 5 domains further restrict its position and activity to the protruding edges of 6 forming cups. Racs is sufficient for partial RGBARG recruitment and apparently normal 1 engulfment in the absence of RacG. 2 3 Combined, our data indicate that RGBARG uses a coincidence detection 4 recruitment mechanism to direct cup formation: BAR domain binding to 5 negatively charged phospholipids directs the protein to the plasma membrane 6 whilst additional interactions with RacG and active Ras synergise to constrain 7 RGBARG to the cup rim. This tripartite regulation ensures that RGBARG is 8 accurately positioned to exert its RhoGEF and RasGAP activities at the interface 9 between cup interior and protrusion and organise engulfment. GTPase Rap, a close relative of Ras, has also been implicated in macropinosome 33 13 formation (Inaba et al., 2017). We therefore measured the specific GAP activity 1 from both NF1 and RGBARG against each small GTPase. 2 3 Consistent with the inability of RGBARGR1792K to rescue the knockout phenotype, we 4 found that the RasGAP domain of RGBARG was highly active against all the 5 GTPases tested ( Figure 6 ). The RasGAP domain of NF1 was also active against each 6
Ras tested, but with 75% less activity than RGBARG in each case. RGBARG is 7 therefore a more potent RasGAP in vitro, but the lack of specificity for particular Ras 8 isoforms for both RGBARG and NF1 indicates their functional differences are likely 9
imparted by additional factors such as their cellular localisation and dynamics. 10 11
Loss of RGBARG improves phagocytosis of large objects 12 13
The data above demonstrate that RGBARG is important during the spontaneous 14 self-organisation of macropinocytic cups. As RGBARG also localises to 15 phagocytic cups and engulfment of solid particles such as microbes uses much of 16 the same machinery, we also investigated how RGBARG contributes to 17 phagocytosis. 18
19
Disruption of NF1 has previously been shown to increase the size of particles 20 that Dictyostelium can engulf (Bloomfield et al., 2015) . As RGBARG also affects 21 the size of the PIP3 domains that define the cup interior we first tested the ability 22 of RGBARGcells to phagocytose different sized beads. Whilst disruption of 23 RGBARG had no effect on phagocytosis of 1 μm diameter beads, engulfment of 4.5 24 μm beads was enhanced 3-fold, with an average of 2.2±0.4 beads engulfed per 25 cell after 1 hour, compared to 1.0±0.4 in control ( Figure 7A To be effective, phagocytic cells must be able to engulf microbes with differing 24 physical properties such as shape, size, stiffness and surface chemistry. As 25 RGBARG is important for the organisation and stability of phagocytic and 26 macropinocytic cups, we also investigated its role during the engulfment of 27 different bacteria. 28 of Escherishia coli was substantially reduced ( Figure 8A and B). This was fully 33 rescued by re-expression of RGBARG-GFP. Therefore, although loss of RGBARG 1 has no effect on the engulfment of 1 μm beads and is beneficial for the uptake of 2 large beads and yeast, it causes a specific defect in engulfment of some bacteria. 3 4
The most obvious physical difference between K. aerogenes and E. coli is their 5 shape ( Figure 8C and D). Both have similar short axes but K. aerogenes average 6 3.2 μm in length whilst E. coli have an average long axis of 5.4 μm. Previous work 7 investigating phagocytosis of different shaped beads by macrophages concluded 8 that complex elongated shapes are more difficult to engulf (Champion and 9 Mitragotri, 2006) . We therefore hypothesised that the selective phagocytosis 10 defects of RGBARGcells was due to the target shape. To test this, we measured 11 the ability of RGBARGcells to engulf an additional elongated rod-shaped bacteria 12 (GFP-expressing Mycobacteria smegmatis, 3-5 μm long) by flow cytometry. The 13 ability of RGBARGcells to engulfing these bacteria was again reduced by 75% 14 ( Figure 8E ), again correlating with an inability to phagocytose elongated targets. How phagocytic cups organise and adapt their cytoskeleton to engulf targets of 1 differing geometry is very poorly understood. Our data demonstrate that in 2 Dictyostelium, a tripartite recruitment mechanism operates to precisely position 3 a RasGAP and RhoGEF domain-containing protein at the interface between the 4 protrusive rim and static interior domains of phagocytic and macropinocytic 5 cups. We propose a model whereby this organises the cup by regulating the 6 balance between protrusion and expansion of the interior in order to both 7 efficiently form macropinosomes and facilitate engulfment of geometrically 8 diverse targets. 9
Discussion 1 2 In this study we have identified a new component and mechanism used by cells 3 to organise their protrusions into the 3-dimensional cup shapes required to 4 engulf extracellular fluid or particles. Consistent with previous studies, our data 5 support a model whereby cup formation is guided by the formation of a 6 protrusive rim encircling a static interior domain (Veltman et al., 2016). We 7
show that in Dictyostelium, RGBARG provides a direct link between the Ras and 8 Rac activities that underlie these different functional domains, providing a novel 9 mechanism to co-ordinate cup organisation in space and time. Multiple GAP's and GEF's collaborate to shape protrusions into cups. This is 28 apparent in the different roles played by RGBARG and NF1. Both are important 29 negative regulators of Ras, but whilst RGBARG is specifically enriched at the cup 30 rim, NF1 appears to be present thoughout the cup (Bloomfield et al., 2015) . 31 RGBARG and NF1 therefore play different functional roles; whilst disruption of 32 18 NF1 leads to an increase in the volume of fluid taken up and can facilitate axenic 1 growth (Bloomfield et al., 2015) , RGBARG appears more important for cup 2 structure and shape. We therefore speculate a model whereby NF1 acts to 3 generally suppress Ras activity and regulate the spontaneous excitability of 4 active Ras patches, whilst RGBARG operates at their periphery to restrict their 5 expansion and stimulate protrusion via Rac. This is illustrated in Figure 10 . 2006b). RacG therefore has at least partly distinct effectors to Rac1. Nonetheless, 28
in cell-free assays, RacG is able to induce actin polymerisation via the ARP2/3 29 complex, although whether this is dependent on SCAR/WAVE or other WASP 30 family members is not known (Somesh et al., 2006b) . RacG therefore appears to 31 be at least partly responsible for defining the protrusive rim, possibly through 1 some coincidence-detection mechanism with active Rac1. RAW macrophages can also form macropinosomes by a more filopodial "tent-20 pole"-type mechanism where protrusion is driven by actin-rich spikes (Condon 21 et al., 2018). Whether this is a general mechanism, or represents a shift in the 22 balance of filopodial vs lamellipodial regulatory proteins in these cells is unclear. 23
However it is probable that filopodial and lamellal cup formation are non-24 exclusive extremes of a continuum -much as they are during cell migration. 25
26
The multi-layered regulation of small GTPases is particularly important when 27 cells are challenged to engulf particles or microbes of different shapes. This is 28 critical for amoebae to feed on diverse bacteria or immune cells to be able to 29 capture and kill a wide range of pathogens, but how cells adapt to different target 30 geometries is very poorly understood (Champion and Mitragotri, 2006; 31 Champion and Mitragotri, 2009). To our knowledge, RGBARGcells are the first 32 mutants described with a geometry-specific defect in phagocytosis, underlining 33 20 the importance of co-ordinating and balancing Ras and Rac activities. This again 1 differs from the role of NF1, as the NF1-deficient Ax2 strain used in this study is 2 able to efficiently engulf and grow on a wide range of bacteria including 3 elongated strains such as E. coli (Figure 10 ) (Buckley et al., 2019) . It is still not 4 known how other regulatory elements or cytoskeletal components adapt to 5 differing shapes, but it seems likely that large-scale rearrangements are 6 necessary to accommodate different targets. 7 8
In summary, we describe a mechanism to co-ordinate the activity of Rac and Ras 9
family GTPases during engulfment in Dictyostelium. The proteins that mediate 10 this co-ordination in mammalian cells remain unknown. However, we propose a 11 general model by which spatial signals and effectors from multiple small 12 GTPases integrate to shape the protrusions that form macropinocytic and 13 phagocytic cups, enabling cells to engulf diverse targets. were measured by seeding cells at 0.5 x 10 5 /ml in HL-5 and counting cell number 8 twice daily for three days. Growth rate was then calculated by fitting an 9 exponential growth curve using Graphpad Prism software. Cells were 10 transformed by electroporation: 6 x 10 6 cells were resuspended in 0.4 mls of ice 11 cold E-buffer (10 mM KH2PO4 pH 6.1, 50 mM sucrose) and transferred to 2 mm 12 electroporation cuvette containing DNA (0.5 µg for extrachromosomal plasmids, 13
15 µg for knockout vectors). Cells were then electroporated at 1.2 kV and 3 µF 14 capacitance with a 5 Ω resistor in series using a Bio-Rad Gene Pulser II. After 24 15 hours transformants were selected in either 20 µg/ml hygromycin (Invitrogen), 16 10 µg/ml G418 (Sigma) or 10 µg/ml blasticidin (Melford). To measure uptake of GFP-expressing M. smegmatis by flow cytometry, the 2 bacteria were grown to an OD600 of 1, pelleted by centrifugation at 10,625 x g for 3 4 minutes and resuspended in 1ml HL5 medium. Bacteria clumps were then 4 disrupted by passing through a 26-guage needle several times, before adding a 5 1/10th volume of bacteria to a Dictyostelium culture and processing as above. 6 7 To measure phagocytosis of bacteria by decreasing turbidity, an overnight 8 bacterial culture in LB was diluted 1:25 and grown at 37°C until an OD600 of 0.7 9 before pelleting and resuspension in SSB at an OD600 of 0.8. This was then added 10 to an equal volume of Dictyostelium at 2 x 10 7 cells/ml in SSB at room 11 temperature and shaken in flasks. The OD600 was then measured over time. were added to 20mls 25% w/w dissolved PVA solution and poured into a 10.5 x 2 10.5 cm plastic mold to create a film. These were cut into 3 x 2cm strips, marked 3 with a grid to follow deformation and placed in a custom stretching device as 4 described in detail in (Ho et al., 1993) . Films were the placed in a 145 °C oil bath 5 to soften beads and film and slowly pulled to the desired length. After cooling 6 below the glass transition Tg temperature, the beads were extracted from the 7 central region where the grid was deformed evenly. This part was cut into small 8 pieces and rotated in 10 mls of a 3:7 mix of isopropanol:water overnight at 20°C 9 to dissolve. Beads were aliquoted and twice heated at 75°C for 10 minutes and 10 washed in isopropanol: water. Beads were then washed twice in 11 isopropanol:water at 22 °C, before two washes in water. The amount of stretch 12 was measured by imaging on an inverted microscope and manually measuring 13 their length in ImageJ. 14
15
To measure phagocytosis, equal numbers of stretched and unstretched beads 16 were mixed, sonicated and incubated at a 10-fold excess to cells at 1 x 10 6 /ml, 17 shaking in HL5. After 30 minutes, 500 µl samples were added to 3 ml SSB with 18 5mM sodium azide to detach unengulfed beads. Cells were washed in ice-cold 19 SSB, transferred to a microscopy dish and allowed to adhere for 10 minutes 20 before imaging and the number of each shape bead internalised quantified 21 manually. 22 In contrast, NF1 is present throughout the cup interior, playing a more general role in suppressing Ras activity. Below are cartoons depicting the effects of disrupting NF1 and RGBARG on (A) macropinosome formation, (B) phagocytosis of large objects and (C) phagocytosis of elongated bacteria. Whilst loss of NF1 appears to simply make cups larger, subsequent disruption of RGBARG causes wide, flat ruffles that form multiple small macropinosomes. The enlarged size of these ruffles assists engulfment of large particles, but is detrimental to the uptake of more complex shapes such as elongated bacteria or beads. Active Ras patch size ( µm)
